Introduction
============

The importance of cell secretome analysis has been recognized in recent years due to the great potential of using cell secretome in disease treatment. The cell secretome represents the collection of proteins that are secreted and released from living cells[@B1]-[@B3]. Examples of secreted proteins in the cell secretome include growth factors, immunoregulatory cytokines, extracellular matrix-degrading enzymes, and cell motility factors[@B4]-[@B6]. Many groups have explored the potential applications of using secretome as new therapeutics and have reported encouraging *in vivo* results. The secretome obtained from porcine bone marrow-derived mesenchymal stem cells (MSCs), when injected into the infarcted porcine heart, resulted in significantly increased heart function, as evidenced by decreased expression of cardiac injury biomarkers and improved echocardiographic parameters[@B7]. The cell secretome produced by human adipose derived stem cells (ASCs) under the stimulation of tumor necrosis factor-α (TNF-α), when applied to rat excisional wound model, demonstrated accelerated wound closure, angiogenesis, and increased level of macrophage infiltration into the cutaneous wound as compared to the control groups[@B8]. The secretome of human peripheral blood mononuclear cells (MNCs), when used to treat spinal cord injured rat, has been shown to reduce acute axonal injury, attenuate cavity and to significantly enhance functional recovery compared to control animals[@B9]. These findings demonstrate the functional benefit of cell secretome for therapeutic applications. The ability to identify and quantify the specific proteins in cell secretome that are responsible for the therapeutic outcomes after cell secretome treatment will lead to the development of more effective strategies for disease treatment.

Cell secretome analysis is very challenging due to its versatile and dynamic composition. It has been reported that cell secretome is a complex soluble mixture consisting of various types of proteins and protein isoforms[@B10],[@B11]. For example, the cell secretome of human adult cardiac progenitor cells (CPCs), when analyzed by reverse phase liquid chromatography and mass spectroscopy (LC-MS), have been shown to express more than 800 types of proteins[@B12]. In addition, the composition of cell secretome has been proven to be sensitive to environmental stimulations received by the cells. For instance, when grown as a monolayer under normoxic culture conditions, human mesenchymal stem cells (hMSCs) have been reported to secrete paracrine factors including vascular endothelial growth factor (VEGF; \~3.8 ng/mL), basic fibroblast growth factor (bFGF; \~30 pg/mL), interleukin 6 (IL-6; \~7.8 ng/mL), cathepsin B (\~4.9 ng/mL), bone morphogenic protein 2 (BMP-2; \~12 pg/mL), and angiogenin (\~0.9 ng/mL). However, when they were grown as 3D cellular spheroids under the same culture conditions, hMSCs have been demonstrated to secrete increased concentrations of VEGF (\~28 ng/mL), bFGF (\~46 pg/mL), IL-6 (\~15 ng/mL), cathepsin B (\~61 ng/mL), BMP-2 (\~99 pg/mL), and angiogenin (\~17 ng/mL)[@B13]. The protein concentration of cell secretome has been reported to be in a wide range covering from pg/mL to ng/mL level. Last but not least, the cell culture medium that contains the secreted proteins released from cells also possesses a high abundance of serum proteins, salts, and non-secreted proteins from dead cells, which would affect the accurate detection and analysis of the cell secretome[@B14]-[@B16]. To avoid the interference from serum proteins, serum-free culture medium has been used in many cell secretome analyses. However, the use of serum-deprived culture medium has been shown to affect cell functions (e.g., viability, proliferation and metabolism), which could potentially alter the composition of the cell secretome[@B17],[@B18]. Other strategies have also been used to try and eliminate contaminants from the cell secretome prior to cell secretome analysis including centrifuge filtration and protein dialysis. Nevertheless, these methods result in protein loss during the procedures and could potentially decrease the sensitivity and accuracy of the downstream cell secretome analysis[@B19].

Currently, the main technologies that have been successfully used in cell secretome analysis are enzyme-linked immunosorbent assay (ELISA) and liquid chromatography-mass spectroscopy (LC-MS). ELISA employs the immobilized specific antibody to capture the targeted protein from a mixture via high affinity antibody and antigen binding. It can capture and quantify the targeted protein with high specificity and sensitivity. However, ELISA is expensive, time-consuming and has a narrow protein concentration detection range (up to 1000 pg/mL)[@B20],[@B21]. LC-MS utilizes a LC column to separate the protein mixture and MS to identify and measure the target protein. It can analyze multiple proteins at the same time to achieve high throughput. But LC-MS requires complicated instruments, well trained personnel and has been reported to have issues with low specificity and reproducibility[@B22]-[@B24].

In this study, we aim to develop new bioassays using functionalized microparticles to facilitate analysis of the cell secretome. Our design principle uses the concept of competitive immunoreaction to create an inverse relationship between the average volume of microparticle (MP) aggregates and the concentration of the targeted protein. The higher the concentration of the targeted protein, the smaller the average volume of the MP aggregates. The lower the concentration of the targeted protein, the larger the average volume of the MP aggregates. Therefore, the protein concentration can be quantified from the volume of the MP aggregates. Based on this central design principle, we developed two distinct immuno-disaggregation based bioassays using different functionalized MPs and immunoreaction procedures. Vascular endothelial growth factor (VEGF)-165 was chosen to be used as a model protein of the cell secretome to validate our developed bioassays. VEGF-165 plays critical roles in angiogenesis and has been found in many cell secretomes. Here, we used the two developed bioassays to measure VEGF-165 samples with known concentrations in both serum-free and serum-containing solutions to prove the expected high sensitivity and specificity.

Experimental Section
====================

Materials
---------

Cell culture grade anti-biotin coated MACSiBead^TM^ microparticles and MACS BSA stock solution were purchased from Miltenyi Biotec (San Francisco, CA, USA). VEGF polyclonal antibody and biotinylated VEGF polyclonal antibody were purchased from ThermoFisher Scientific (Florence, KY, USA). Natural streptavidin protein was obtained from Abcam (Cambridge, MA, USA). Recombinant human VEGF-165 protein and biotinylated recombinant human VEGF protein were purchased from R&D Systems (Minneapolis, MN, USA). Cell culture grade 1X Phosphate Buffered Saline (PBS) was obtained from Corning (Manassas, VA, USA). MSCGM bullet kit was purchased from Lonza (Walkerville, MD, USA).

Immuno-disaggregation Bioassay using Antibody-conjugated Microparticles
-----------------------------------------------------------------------

Prior to the experiment, anti-biotin functionalized MPs (\~3.5 µm nominal diameter) were mixed thoroughly with gentle agitation at room temperature to obtain a homogeneous suspension. The conjugation of biotinylated antibody to MPs was performed according to the manufacturer\'s recommendation. Briefly, the MPs were diluted to the concentration of 2x10^5^ particles/mL and reacted with 800 ng/mL of biotinylated VEGF polyclonal antibody in 1X PBS containing 0.1% bovine serum albumin (BSA) buffer solution to form antibody-conjugated MPs. The conjugation reaction was carried out at 2-8ºC for 2 h with a constant rotation of 6 rpm by using a mini tube rotator (Fisher Scientific, Florence, KY, USA). After incubation, the solution mixture was centrifuged at 300 × g for 5 min at 4ºC and the supernatant containing unbound antibody was discarded. Next, the antibody-conjugated MPs were washed and resuspended in the desired volume of buffer solution. To induce the formation of MP aggregates through biotin-streptavidin binding, antibody-conjugated MPs (\~5x10^4^ counts) were reacted with various concentrations of natural streptavidin (SA) protein ranging from 250 ng/mL to 16000 ng/mL. The reaction mixture was incubated at 25ºC by rotating at a speed of 6 rpm for 45 min. The final reaction volume was maintained at 50 µL. An antibody-conjugated MPs control group (non-aggregates) was prepared by incubating antibody-conjugated MPs in a buffer solution under the same experimental conditions without SA protein.

For the immuno-disaggregation procedure, anti-biotin functionalized MPs at a concentration of 2x10^5^ particles/mL were first mixed with 800 ng/mL of biotinylated VEGF polyclonal antibody in buffer solution. Subsequently, target cell secretome protein (recombinant human VEGF-165 protein) was added to the reaction mixture at the same time in concentrations varying from 0.01 ng/mL to 100 ng/mL. The mixture solution was then incubated at 2-8ºC for 2 h by maintaining a constant rotation of 6 rpm. After the incubation was complete, the solution was centrifuged and the supernatant containing unbound antibody and antibody-protein complexes was discarded. The obtained MPs were washed and resuspended in the desired volume of buffer solution. The aggregation of MPs was performed by mixing 5x10^4^ of obtained antibody-conjugated MPs with 4000 ng/mL of SA protein for 45 min at 25ºC with a constant rotation of 6 rpm. The final reaction volume was maintained to 50 µL in buffer solution during the procedure.

Immuno-disaggregation Bioassay using Protein-conjugated Microparticles
----------------------------------------------------------------------

The conjugation of biotinylated VEGF protein to MPs was carried out according to the recommendations from the manufacturer. Briefly, anti-biotin functionalized MPs prepared at a concentration of 2x10^5^ particles/mL were conjugated with 800 ng/mL of biotinylated human VEGF protein in buffer solution containing 1X PBS/0.1% BSA. The conjugation reaction was performed at 2-8ºC for 2 h by rotating the sample mixture at a speed of 6 rpm. After conjugation, the unbound biotinylated VEGF protein was discarded from protein-conjugated MPs by centrifuging at 300 × g for 5 min at 4ºC. The obtained protein-conjugated MPs were then washed and resuspended in fresh buffer solution. Aggregation of MPs was performed by mixing 5x10^4^ of protein-conjugated MPs with different concentrations of VEGF polyclonal antibody ranging from 50 ng/mL to 1600 ng/mL. The conjugation procedure was carried out at 25ºC for 45 min and 6 rpm rotation. The sample volume was maintained at 250 µL during the reaction step. Following the same protocol, the protein-conjugated MPs control group (non-aggregates) was prepared by incubating protein-conjugated MPs in buffer solution without incorporating the VEGF polyclonal antibody.

Immuno-disaggregation of MPs was performed by mixing 5x10^4^ of protein-conjugated MPs with 400 ng/mL of the VEGF polyclonal antibody and various concentrations of cell secretome protein (recombinant human VEGF-165 protein) from 0.1 ng/mL to 100 ng/mL in 250 µL buffer solution. The reaction mixture was incubated at 25ºC for 45 min by rotating the samples at 6 rpm. The size and number of MP aggregates were then measured immediately after the incubation was complete to avoid non-specific interaction.

Preparation and Measurement of VEGF-165 Protein in Cell Culture Medium using Two Bioassays
------------------------------------------------------------------------------------------

To mimic the real cell secretome sample, known concentrations of target VEGF-165 protein was added to complete MSCGM Bullet kit supplemented with 1% antibiotic-antimycotic solution. The MP samples were prepared in 10% cell growth medium and 90% buffer solution containing target VEGF-165 protein at different concentrations of 0.01 ng/mL, 0.1 ng/mL, 1 ng/mL, 9 ng/mL, and 50 ng/mL. The prepared cell secretome samples were measured with both immuno-disaggregation bioassays using the respective experimental conditions mentioned above. For each experiment group, a negative control group that contained 10% cell culture medium was tested without target VEGF-165 protein. The normalized volume change percentage of MP samples obtained from cell culture medium were then compared with the samples prepared in 1X PBS buffer solution containing 0.1% BSA.

Measuring MP Aggregates
-----------------------

Microscope images of MP samples were captured with an inverted AxioVision A1 microscope (Carl Zeiss, Oberkochen, Germany). Following the manufacturer\'s recommendation, the counts and size distribution of MP samples were quantitatively measured with an AccuSizer^TM^ 780 Optical Particle Sizer (Particle Sizing Systems, Port Richey, FL, USA) that has a detection range of 0.5-500 µm. Briefly, MP samples were diluted to \~3333 particles/mL in DI water (18.2 MΩ·cm; AQUA Solutions, Jasper, GA, USA) to a total volume of 15 mL. Once diluted, the samples were immediately measured using AccuSizer V software (Version 1.0; Particle Sizing Systems, Port Richey, FL, USA) at a flow rate of 10 mL/min. For analysis, the average aggregation volume (avg AV) and normalized volume change % were determined using the measured MPs whose size ranged from 1.5 µm to 10 µm for all the negative control and experimental groups.

Statistical Analyses
--------------------

All experimental data are presented as mean ± standard error (SE) with three to eight replicates. Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA). Multiple group comparisons were performed using one-way analysis of variance (ANOVA) and Tukey\'s post hoc test with a 95% confidence interval. Student\'s *t-*test was used for comparing the significant difference between two experimental groups. A p-value of less than 0.05 was considered to be statistically significant.

Results and Discussion
======================

Design and Feasibility of the Immuno-disaggregation Bioassay using Antibody-conjugated MPs
------------------------------------------------------------------------------------------

A schematic design of the immuno-disaggregation bioassay using antibody-conjugated MPs is shown in Figure [1](#F1){ref-type="fig"}. For this design, the final measured MP aggregates are formed from MPs that are conjugated with biotinylated antibodies that specifically bound to target proteins in the cell secretome. The competitive reaction happens during the antibody conjugation procedure. As shown in Figure [1](#F1){ref-type="fig"}A, without the existence of target protein (VEGF-165), MPs conjugated with biotinylated VEGF antibodies form aggregates through specific biotin-streptavidin binding. However, if cell secretome containing the target protein is added during the antibody conjugation step, the available number of antibodies that are conjugated to MPs tend to decrease because of competitive binding of antibodies by the target protein. Therefore, under the same experimental conditions, the number or volume of the MP aggregates is reduced, as shown in Figure [1](#F1){ref-type="fig"}B. To test the feasibility of our design, we performed the following parallel experiments. For the negative control group, we conjugated MPs with biotinylated VEGF antibody in 0.1% BSA/1X PBS buffer solution containing no VEGF-165 protein and added streptavidin to form MP aggregates. For the experimental group, we conjugated MPs with biotinylated VEGF antibody in 0.1% BSA/1X PBS buffer solution containing 100 ng/mL VEGF-165 protein and added streptavidin to form MP aggregates. The MP aggregates formation was checked using a light microscope and the size and number of the formed aggregates were quantified with an AccuSizer^TM^ 780 Optical Particle Sizing Systems (Particle Sizing Systems, Port Richey, FL, USA). In the negative control group, we observed the formation of MP aggregates (Figure [1](#F1){ref-type="fig"}C). We found that \~91.81% of MPs formed aggregates, of which, 58.50% consisted of 3 or 4 MPs per aggregate. In the experimental group, fewer MP aggregates were formed (Figure [1](#F1){ref-type="fig"}D). The percentage of MP aggregates consisting of more than 2 MPs were significantly reduced to 26.72%. Data from the particle size measurement also confirmed this trend. Average aggregation volume (avg AV) obtained from AccuSizer^TM^, which equals the total volume of MPs divided by the total particle counts, was used as the index to quantify the status of MP aggregates. The avg AV calculated from the negative control group (no VEGF-165) was 41.6 µm^3^, while the avg AV of the experimental group (100 ng/mL VEGF-165) was 27.4 µm^3^. Statistical analysis demonstrated a significant difference between the avg AVs derived from the negative control group and experiment group (Figure [1](#F1){ref-type="fig"}F). The decreased MP aggregation with the addition of VEGF proved the feasibility of our design.

Several factors were identified via our feasibility testing that could affect the accuracy and sensitivity of this bioassay, which include antibody conjugation efficiency, MP self-aggregation and MP size distribution. The antibody conjugation procedure needs to be optimized to achieve maximal conjugation efficiency. In this experiment, we tested the effect of antibody concentration on conjugation efficiency. We found that the conjugation efficiency increased with increasing concentration of antibody until it reached a maximal plateau. The minimal concentration of antibody (800 ng/mL biotinylated VEGF antibody) that lead to maximal conjugation efficiency was chosen to be used in our bioassay. This allows maximal MP aggregation formation when used to test negative samples while avoiding the existence of excess unbound antibody that could quench the target protein during the process of competitive immunoreaction. MP self-aggregation could also affect the accuracy of our bioassay measurement. Therefore, we checked the biotinylated VEGF antibody-conjugated MPs using a microscope and size measurement. We did not observe any self-aggregation of our antibody-conjugated MPs (Figure [1](#F1){ref-type="fig"}E). The avg AV of MPs has no statistically significant difference before and after antibody conjugation. From the AccuSizer^TM^ measurement, we did notice that the MPs we used have a relatively wide size distribution (nominal diameter range between 1.5 µm to 10 µm). We anticipate that the sensitivity of our immuno-disaggregation bioassay can be further enhanced by choosing MPs with a more uniform size distribution as reported by previous studies using MP-based bioassays[@B25].

Development of Immuno-disaggregation Bioassay using Antibody-conjugated MPs
---------------------------------------------------------------------------

The optimal streptavidin (SA) concentration to achieve maximal aggregation of antibody-conjugated MPs was confirmed. SA, as the linker protein, binds the biotin molecules of the conjugated antibody to form aggregates. The concentration of SA affects the degree of MP aggregates formation. It has been reported that each SA molecule has four specific binding sites for biotin molecules[@B26],[@B27]. Therefore, we expected that the optimal concentration of SA to achieve maximal aggregation of antibody-conjugated MPs is 4000 ng/mL using the 1:4 molar ratio of SA to biotin molecules. To confirm our estimation, we tested the effect of SA protein concentration on the aggregation of antibody-conjugated MPs. Eight different concentrations of SA ranging from 250 ng/mL to 16000 ng/mL were individually introduced to the same amount of biotinylated VEGF antibody-conjugated MPs to form aggregates under the same experimental conditions. The sizes of formed aggregates were measured and used to calculate the avg AV for comparison between groups. As shown in Figure [2](#F2){ref-type="fig"}A, the optimal SA concentration was 4000 ng/mL, as expected. The degree of aggregation increased with increasing concentration of SA until the optimal concentration was reached. After that, further increasing SA concentration negatively affected the aggregate formation. Similar phenomena have been reported by many other studies using specific biotin-streptavidin reaction[@B28],[@B29].

The inverse correlation between the degree of aggregation by antibody-conjugated MPs and the concentration of target protein in the cell secretome was examined. During the process of MP antibody conjugation, samples containing various concentrations of VEGF-165 were introduced. Then, VEGF antibody-conjugated MPs were triggered to form aggregates using the optimal concentration of SA (4000 ng/mL) and the degree of aggregation was measured. For each tested VEGF-165 concentration, a negative control was performed in parallel using sample containing no VEGF-165. The ratio between avg AV derived from the experimental group and the negative control group under the same experimental conditions was used to calculate the normalized volume change percentage to be compared between groups. Our results demonstrated an inverse relationship between the degree of aggregation by VEGF antibody-conjugated MPs and the concentration of VEGF-165 (Figure [2](#F2){ref-type="fig"}B). When the concentration of VEGF-165 increased from 0.01 ng/mL to 100 ng/mL, the normalized volume change percentage decreased from 99.8% to 39.4%. Using the inverse correlation, a standard curve was generated and sigmoidal dose-response curve fitting was performed, which produced a coefficient of determination (R[@B2]) of the fitting curve of \~0.86. Because of the specific biotin-streptavidin interaction, the bioassay was very selective over BSA and components of complete cell culture medium including serum during the conjugation reaction.

Design and Feasibility of the Immuno-disaggregation Bioassay using Protein-conjugated MPs
-----------------------------------------------------------------------------------------

A schematic illustration of the immuno-disaggregation bioassay design using protein-conjugated MPs is demonstrated in Figure [3](#F3){ref-type="fig"}. In this bioassay, the measured MP aggregates were formed through high affinity antigen-antibody binding using MPs that were conjugated with biotinylated proteins. The competitive immunoreaction happens during the step of MP aggregates formation. As shown in Figure [3](#F3){ref-type="fig"}A, in the absence of target cell secretome protein (VEGF-165), aggregates are formed by the specific antibody-antigen binding between the added VEGF antibody and the VEGF proteins conjugated to the MPs. If cell secretome containing VEGF-165 is added during the aggregates formation, it competes with the VEGF conjugated with the MPs to bind VEGF antibody and therefore reduce the degree of MP aggregation (Figure [3](#F3){ref-type="fig"}B). We evaluated the feasibility of our immuno-disaggregation bioassay using protein-conjugated MPs by performing the following experiments. For the negative control group, the MPs were first conjugated with biotinylated VEGF protein following the protocol described in the Materials and Methods section. MP aggregates were then formed by adding VEGF antibody without cell secretome protein (VEGF-165). For the experiment group, under the same experimental conditions, we conjugated MPs with biotinylated VEGF protein and reacted them with VEGF antibody and target VEGF-165 cell secretome protein (100 ng/mL) at the same time to form MP aggregates. The MP aggregates formed in the negative control group and the experiment group were observed under a light microscope. As shown in Figure [3](#F3){ref-type="fig"}C, \~77.49% of MPs formed aggregates in the negative control group. Of all the formed aggregates, \~34.01% of aggregates contained more than 2 MPs. Less formation of MP aggregates was found in the experiment group (57.48%) and the number of MP aggregates with more than 2 MPs was significantly decreased to 28.96% (Figure [3](#F3){ref-type="fig"}D). The avg AV of experiment group (\~21.38 µm^3^) was significantly reduced as compared to the negative control group (\~28.63 µm^3^).

We examined the factors that could potentially affect the sensitivity and efficacy of the immuno-disaggregation bioassay using protein-conjugated MPs. The conjugation of biotinylated protein to MPs is a critical step and needs to be optimized to obtain maximum conjugation efficiency while avoiding non-specific interaction. To optimize the conjugation of biotinylated protein to MPs, we performed the following experiments. First, the effect of biotinylated protein concentration on conjugation efficiency was examined. We found that the conjugation efficiency was directly related to the concentration of biotinylated protein. After the conjugation efficiency reached a plateau, it remained constant as the maximal conjugation efficiency. We chose the minimum concentration of protein (800 ng/mL biotinylated VEGF protein) that resulted in maximum conjugation efficiency for the development of this bioassay. Secondly, after conjugating biotinylated protein to MPs, samples were checked to see if the biotinylated proteins detach from MPs during the conjugation procedure, which would mix with the protein in the cell secretome and affect the accuracy of the bioassay. To check for detachment, VEGF-conjugated MPs were incubated in PBS buffer solution under the same experimental conditions as the negative control group (without VEGF antibody) to go through the whole aggregate formation procedure. After that, the supernatant was collected and the protein amount in the PBS buffer was measured using micro BCA protein assay kit (Thermo Scientific, Rockford, IL, USA). Our results confirmed that there was no significant difference in total protein content in the PBS buffer before and after the process, which proved that the conjugated biotinylated proteins would not detach from MPs to affect the bioassay measurement. Additionally, we checked the self-aggregation of protein-conjugated MPs using a light microscope and particle size measurement. Microscopy images showed no self-aggregation of our protein-conjugated MPs (Figure [3](#F3){ref-type="fig"}E). The MP size measurement from AccuSizer^TM^ also indicated no statistical difference in avg AV of MPs before or after protein conjugation. Lastly, the same MPs were used in this bioassay and the previous bioassay to eliminate any differences caused by the MPs when comparing the two bioassays.

Development of Immuno-disaggregation Bioassay using Protein-conjugated MPs
--------------------------------------------------------------------------

The optimal concentration of VEGF antibody was examined to achieve the maximum aggregation of protein-conjugated MPs. In this design, VEGF antibody was used as a linker that binds to VEGF proteins that are conjugated to MPs with high affinity and facilitates MP aggregation. The degree of MP aggregation is dependent upon the concentration of VEGF antibody during the conjugation reaction. The optimum ratio of VEGF antibody to biotinylated VEGF protein that is conjugated to MPs leads to maximum aggregation of MPs through specific antigen-antibody binding. To achieve the optimal ratio, we tested the effect of VEGF antibody concentration on the formation of MP aggregates. We examined seven different concentrations of VEGF antibody ranging from 50 ng/mL to 1600 ng/mL. Under the same experimental conditions, each VEGF antibody concentration was mixed with the same amount of biotinylated VEGF protein-conjugated MPs to form aggregates. Once the aggregates formed, the size of MP aggregates was quantitatively measured with an AccuSizer^TM^. We achieved maximum aggregation of protein-conjugated MPs (92.71%) when the concentration of VEGF antibody was 400 ng/mL. As shown in Figure [4](#F4){ref-type="fig"}A, the aggregation of protein-conjugated MPs was directly related to the concentration of VEGF antibody until it reached the maximum conjugation efficiency. Afterwards, if the linker concentration was increased, the amount of VEGF antibody would be excessive, resulting in reduction of MP aggregation. Similar trends have been previously reported by many groups using MP-based immuno-aggregation assays[@B30],[@B31].

The relationship between the normalized volume change percentage of the formed MP aggregates using protein-conjugated MPs and concentration of target cell secretome protein (VEGF-165) was assessed. The VEGF protein-conjugated MPs were mixed with VEGF antibody (400 ng/mL) and samples containing various concentrations of VEGF-165 to form aggregates. For each experiment group, a negative control group was performed in parallel with MP samples containing no VEGF-165. The size and number of MP aggregates were measured from both groups. Then the normalized volume change percentage was determined by dividing avg AV obtained from the experiment group with that of the negative control group. Our results from the quantitative measurement of MP aggregates showed an inverse relationship between the normalized volume of formed aggregates and target VEGF-165 protein concentration. The normalized volume change percentage decreased from 100.5% to 46.6% when the concentration of VEGF-165 was increased from 0.1 ng/mL to 100 ng/mL (Figure [4](#F4){ref-type="fig"}B). The measurement range of this bioassay was 0.5 ng/mL to 100 ng/mL. A standard curve showing the correlation between the normalized volume change percentage and cell secretome protein concentration was generated using sigmoidal dose-response curve fitting (R[@B2] \~ 0.80). The presence of BSA and cell culture medium components did not interfere with the target cell secretome protein detection, suggesting the selectivity of our developed bioassay due to specific antibody-antigen interaction.

Parallel Comparisons of Cell Secretome Detection using Two Immuno-disaggregation Bioassays
------------------------------------------------------------------------------------------

Using our developed bioassays, we tested the MP samples with various concentrations of model cell secretome protein (VEGF-165) that were prepared in serum-containing cell culture medium. Out of the total sample volume, each cell secretome sample contained 10% of complete cell culture medium. The cell secretome samples were quantitatively measured with an AccuSizer^TM^ and the results were compared with corresponding data from the standard curves (Figures [2](#F2){ref-type="fig"}B and [4](#F4){ref-type="fig"}B). For each tested cell secretome protein concentration, a negative control group was prepared in parallel using cell culture medium containing no VEGF-165. For comparison between groups, the ratio between avg AV derived from the experimental group and the negative control group under the same experimental conditions was used to determine the normalized volume change percentage. Our data confirmed that target cell secretome protein (VEGF-165) prepared in serum-containing cell culture medium was detected with high specificity and sensitivity using our developed bioassays. For the immuno-disaggregation bioassay using antibody-conjugated MPs, the degree of MP aggregation obtained from cell culture medium samples had no statistically significant difference as compared to the standard curve (100% vs. 99.9% for 0.01 ng/mL; 96.7% vs. 96.7% for 0.1 ng/mL; 93.6% vs. 91.9% for 1 ng/mL; 74.8% vs. 72.7% for 9 ng/mL; 60.5% vs. 57.5% for 50 ng/mL) (Figure [5](#F5){ref-type="fig"}A). For the immuno-disaggregation bioassay using protein-conjugated MPs, compared to the standard curve, we did not find a significant difference in MP aggregation measured from cell culture medium samples (100% vs. 99.2% for 0.1 ng/mL; 93.3% vs. 93.2% for 1 ng/mL; 83.1% vs. 83.6% for 9 ng/mL; 70.7% vs. 70.4% for 50 ng/mL) (Figure [5](#F5){ref-type="fig"}B). To ensure the reproducibility of our bioassays, the coefficient of variation (CV) was measured from 4-8 independent samples. CV% of prepared cell culture samples were 10% or less from both immuno-disaggregation bioassays, indicating the high reproducibility of our detection methods.

Our developed immuno-disaggregation bioassays have the ability to measure a wide concentration range of cell secretome proteins in a serum environment. The cell secretome usually contains low concentrations of target secreted proteins and a high abundance of serum proteins (e.g., fetal bovine serum). For example, human monocytic cells, in response to inflammatory stimuli, have been shown to secrete cytokines including interleukin 1 beta (IL-1β), interleukin 8 (IL-8), and tumor necrosis factor (TNF) in the cell secretome at various concentrations ranging from \~500 pg/mL to 20,000 pg/mL[@B6],[@B32]. In addition, to achieve real profiles of cell secretome, analysis of secreted proteins obtained from serum-containing growth medium is important. It provides quantitative information that reflects the true status of cells undergoing dynamic changes during *in vitro* culture[@B18]. In the present work, we demonstrated the development of two parallel immuno-disaggregation bioassays that are able to quantify secreted proteins present in serum-containing cell culture medium with high specificity and sensitivity. In the immuno-disaggregation bioassay using antibody-conjugated MPs, the MPs were conjugated with biotinylated VEGF antibody. MP aggregates were formed by reacting antibody-conjugated MPs with an optimum concentration of natural SA protein, which bound the biotin molecules of the conjugated antibodies. The target cell secretome protein was added during the biotinylated antibody conjugation step to induce competitive immunoreaction. In the immuno-disaggregation bioassay using protein-conjugated MPs, the MPs were conjugated with biotinylated VEGF protein and added VEGF antibody to form MP aggregates through specific antibody-antigen interaction. The competitive immunoreaction was induced by adding the target cell secretome protein during the MP aggregation step. The sensitivity of the immuno-disaggregation bioassay using antibody-conjugated MPs was approximately one order of magnitude higher than the immuno-disaggregation bioassay using protein-conjugated MPs, resulting in the former bioassay being a suitable candidate for detection of low concentrations of molecular targets. Moreover, our developed bioassays have a common detection range covering 0.5 ng/mL to 100 ng/mL, which can measure cell secretome proteins as low as 500 pg/mL. Compared to the immuno-disaggregation bioassay using protein-conjugated MPs, the antibody-conjugated MPs-based immuno-disaggregation approach can measure cell secretome proteins down to 10 pg/mL, a level of sensitivity that is comparable to conventional ELISA. In this work, we have successfully demonstrated the feasibility of detecting target cell secretome protein in serum-containing cell culture medium using our developed bioassays. Although cell lines could be used to mimic clinical specimens, they cannot address the complex variability present in clinical samples. Therefore, the next critical step will be measuring the real clinical samples that aim to improve therapeutic outcomes. In the future study, we plan to investigate applications in detecting patients\' samples that could facilitate disease diagnosis and monitoring.

MP-based immuno-aggregation strategies have been extensively used to achieve high sensitivity protein analysis[@B33]-[@B40]. The MPs are functionalized with recognition biomolecules to capture and detect target analytes. For example, Yu et al. had developed colorimetric metal-linked immunosorbent assay (MeLISA) for the detection of biomarkers in the serum samples[@B41]. MeLISA utilizes the sandwich-type immunoreaction to capture target proteins between the capture antibodies that are coated on polystyrene plate and the detection antibodies conjugated with silver nanoparticles (AgNPs). Upon the addition of gold nanoparticles (AuNPs) solution containing hydrogen peroxide (H~2~O~2~), the silver ions are produced leading to the formation of AuNPs aggregation that yields a distinct color change depending upon the concentration of AgNPs bound to target protein. Similarly, Zhao et al. demonstrated an immunofluorescence assay using functionalized AgNPs for the detection of α-fetoprotein (AFP), C-reactive protein (CRP), and human serum samples[@B34]. Compared with other immunoassays including conventional ELISA, which focuses on a two-dimensional approach to protein targeting, MP-based immuno-aggregation methods offer several advantages such as high surface to volume ratio and enhanced assay kinetics for biomolecular binding[@B42],[@B43]. Additionally, they require simple sample preparation in order to not compromise reproducibility and are highly specific. However, a MP-based immuno-aggregation approach employs non-competitive molecular binding between recognition biomolecules and target proteins that usually requires a large amount of targets to form MP aggregates, which could compromise the sensitivity of the assay. For instance, Thanh et al. reported the detection of Protein A antibody in serum through aggregation-based immunoassay that utilizes Protein A-functionalized gold nanoparticles. After mixing the functionalized gold nanoparticles with different concentrations of target Protein A antibody, the formed aggregates showed distinct absorption value differences depending upon the rate of aggregation. The limit of detection of the assay was \~1 µg/mL[@B31]. Compared to a MP-based immuno-aggregation method, the measurement of target proteins using an immuno-disaggregation approach could enable higher sensitivity, facilitating the detection of low concentrations of molecular targets[@B24]. For example, Chen et al. used an immuno-disaggregation approach to detect Kanamycin in milk and was able to achieve a limit of detection of 0.1 ng/mL[@B33]. Xiang et al. also reported an immuno-disaggregation method to develop personal glucose meters with a detection limit of 0.4 ng/mL[@B37]. The immuno-disaggregation strategy involves a competitive immunoreaction induced by the target protein, which reduces the volume of MP aggregates with increasing concentration of the target. Because the assay is designed for an inverse relationship between target protein and volume of MP aggregates, it requires a small amount of target protein to induce a volume change in MP aggregates, which results in improved sensitivity. To the best of our knowledge, this is the first study using immuno-disaggregation approaches for cell secretome analysis. In addition to using antibody-conjugated MPs to achieve immuno-disaggregation as reported by other groups, we also developed a protein-conjugated MPs-based approach. The side by side comparison of both immuno-disaggregation approaches will provide valuable information for future bioassay development.

Conclusions
===========

In the present study, two innovative immuno-disaggregation based bioassays were developed for the quantitative analysis of the cell secretome. Using VEGF-165 protein as our model cell secretome protein, we demonstrated the concept of competitive immunoreaction in our conjugation procedure that resulted in an inverse relationship between the volume of MP aggregates and target protein concentration. The formation of MP aggregates was dependent upon the concentration of target protein. Based on the degree of MP aggregation, the amount of target proteins present in serum-containing complete cell culture medium could be accurately detected with high specificity. The developed bioassays offer a wide common detection range between 0.5 ng/mL to 100 ng/mL. Compared to our bioassay using protein-conjugated MPs, the antibody-conjugated MPs based bioassay can measure target protein concentration as low as 0.01 ng/mL, a sensitivity that is comparable to conventional ELISA. Moreover, our developed bioassays can be used to detect and measure any secreted proteins present in the cell secretome as long as biotinylated probes against the target protein of interest are available. These attractive results indicate the potential of our detection strategies as suitable candidates in disease treatment and monitoring.
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MSCs

:   Mesenchymal stem cells

MSCGM

:   Mesenchymal stem cell growth medium

ASCs

:   Adipose derived stem cells

TNF-α

:   Tumor necrosis factor-α

CPCs

:   Cardiac progenitor cells

LC-MS

:   Liquid chromatography and mass spectroscopy

VEGF

:   Vascular endothelial growth factor

bFGF

:   Basic fibroblast growth factor

IL-6

:   Interleukin 6

BMP-2

:   Bone morphogenic protein 2

ELISA

:   Enzyme-linked immunosorbent assay

MP

:   Microparticle

SA

:   Streptavidin

avg AV

:   Average aggregation volume

BSA

:   Bovine serum albumin

PBS

:   Phosphate buffered saline

Ab

:   Antibody.
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![**Immuno-disaggregation bioassay using antibody-conjugated microparticles.** (A, B) Schematic design of the immuno-disaggregation bioassay using VEGF as the example of targeted cell secretome protein. (C, D) Representative microscopy images of MP aggregates formed in the negative control group and the experiment group. (E) Representative microscopy image of MPs after antibody conjugation. (F) Comparison of average MP aggregate volumes between the negative group and experiment group (100 ng/mL of VEGF). Student\'s *t-*test showed statistically significant difference between the two groups with p-value \< 0.01. Scale bar: 20 µm.](thnov08p0328g001){#F1}

![**Development of immuno-disaggregation bioassay using antibody-conjugated MPs.** (A) Confirmation of the optimal linker protein concentration to enable maximal aggregates formation. (B) Examining the inverse relationship between degree of antibody-conjugated MPs aggregation and target protein concentration. Red dotted line denotes 100% volume change.](thnov08p0328g002){#F2}

![**Immuno-disaggregation bioassay using protein-conjugated MPs.** (A, B) Schematic illustration of immuno-disaggregation bioassay designed for the detection of target VEGF-165 cell secretome protein. (C, D) Representative microscopy images of MP aggregation in the negative control group and the experiment group. (E) Microscopy image of protein-conjugated MPs. (F) Measurement of average MP aggregate volumes in the negative control group and the experiment group (100 ng/mL of VEGF). Student\'s *t*-test showed a statistically significant difference between experimental groups with p-value \< 0.05. Scale bar: 20 µm.](thnov08p0328g003){#F3}

![**Development of immuno-disaggregation bioassay using protein-conjugated MPs.** (A) Optimization of VEGF antibody concentration to achieve maximum MP aggregation. (B) Correlation of protein-conjugated MP aggregation and target cell secretome protein concentration (VEGF-165) showing an inverse relationship. Red dotted line denotes 100% volume change.](thnov08p0328g004){#F4}

![**Detection of cell secretome protein using developed immuno-disaggregation bioassays.** (A) Immuno-disaggregation bioassay using antibody-conjugated MPs. (B) Immuno-disaggregation bioassay using protein-conjugated MPs. Student\'s *t*-test showed no significant difference between samples prepared in buffer solution and cell culture medium at each corresponding concentration.](thnov08p0328g005){#F5}
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